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Neonatal jaundice is one of the most commonly observed transitional 
processes in newborn infants. Its mild cases usually resolve spontaneously 
within several days. However, severe jaundice is associated with substantial 
morbidity and mortality and, therefore, requires immediate treatment. For 
more than 40 years, blue light phototherapy has been the standard treatment 
of this condition. It is necessary to continuously assess the well-being of 
infants receiving the treatment. Conventional monitoring technologies in 
neonatal care require to attach sensors to the baby, causing discomfort, stress 
and even skin damage. Remote photoplethysmography (PPG) is an 
inexpensive and convenient alternative to these methods. However, none of 
the available PPG devices is designed for PPG signal acquisition in narrow-
spectrum blue light. Moreover, in the field of PPG, blue light has been often 
overlooked for its shallow penetration into tissues.  
The present work aimed at proving the feasibility of blue PPG for heart rate 
(HR) monitoring by comparison to commonly used green PPG. In this thesis, 
a novel PPG acquisition approach was proposed. It is based on a Color Sensor 
as a photodetector. An equal number of red, green, and blue pixels makes it 
suitable for these wavelengths comparison. Blue and green PPGs along with 
reference ECG signals were recorded from palm skin of 12 healthy adults 
under two skin temperatures: 20°C and 34°C. The green and blue signals were 
assessed and compared in terms of their amplitudes, signal-to-noise ratio and 
HR estimation accuracy. In both temperature conditions, the blue signals 
demonstrated relatively higher amplitudes; SNR was similar to the green 
PPG. In terms of HR estimation, both blue and green PPGs showed a good 
consistency with the ECG measured values. In both experimental conditions, 
 
there was no significant difference between blue and green PPG accuracies.  
These results suggest that: 1) blue PPG is suitable for non-contact heart rate 
estimation; 2) blue PPG can be used as an alternative to green PPG. The signal 
quality and HR estimation accuracy of the blue PPG were similar to the green 
PPG. Having an acceptable temperature artifacts resistance, blue PPG can be 
used in infants with immature ability to maintain a stable body temperature. 
Therefore, blue PPG could be used for remote baby monitoring during 
phototherapy.  
Besides newborn jaundice, blue light is widely used in other phototherapies, 
like in acne and photodynamic therapy for skin cancer. Incorporating blue-
sensitive photodetector into the light-based therapeutic devices could 
potentially enable cardiovascular parameters acquisition and studying the 
biological effects of light.  
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1 Introduction 
Heart rate (HR) is the most important clinical indicator to evaluate the clinical 
status of a newborn. In neonatal care, continuous HR measurements can 
identify critically unwell infants requiring escalation of medical attention (3). 
There are two established HR monitoring methods: Electrocardiography 
(ECG) and pulse oximetry. In these methods, attaching sensors to body can 
cause discomfort, stress and even skin damage. The latter can increase an 
individual’s susceptibility to infection, especially in preterm infants [1]. This 
disadvantage has driven the development of novel technologies to remotely 
assess HR of babies. Microwave radar and infrared thermography are quite 
accurate, but they are both high cost. Non-contact photoplethysmography is 
a relatively novel method that derives a heart rate by detecting and 
amplifying small changes in the skin color occurring with each heartbeat. 
Photoplethysmography (PPG) is an inexpensive and convenient alternative to 
the conventional method. Several studies demonstrated an acceptable 
accuracy of HR estimation using consumer video camera. They mostly 
examined signal acquisition form the green channel. However, green PPG 
may be impractical during blue light therapy, which is administered for 
treating neonatal jaundice.  
1.1 Motivation of the Research 
Neonatal jaundice - the yellow discoloration of the sclera and skin caused by 
high levels of bilirubin in blood. It is one of the most commonly observed 
transitional process in newborn infants. This condition affects 60% of term 
and 80% of preterm babies [ 2 ]. Neonatal jaundice with its complications 
account for >1400 deaths per 100 000 newborns worldwide [ 3]. It has been 
recognized as a significant cause of long-term neurocognitive and other 
sequelae, cerebral palsy, non-syndromic auditory neuropathy, deafness and 
learning difficulties [4]. 
The jaundice is caused by an excess of bilirubin. Bilirubin is a yellow pigment. 
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It is a waste product of red blood cells breakdown (Fig 1-1). Red blood cells 
contain hemoglobin, a protein that carries oxygen to body's tissues and 
transports carbon dioxide from tissues back to lungs. Before birth, babies’ 
hemoglobin is different from the adult hemoglobin. After birth, the old 
hemoglobin very rapidly breaks down. This generates higher than normal 
levels of bilirubin. It is normally broken down in the liver and removed from 
the body with the stool. However, babies’ underdeveloped liver cannot filter 
out the bilirubin as fast as it is being produced, resulting in high levels of 
bilirubin in blood.  
Fig 1-1 Cause of the jaundice 
An excess of bilirubin can be accumulated in tissues, including central 
nervous system, and exhibit some toxic effects. Bilirubin deposition in skin 
results in a typical appearance of babies (Fig.1-2). 
The jaundice generally appears 2 to 4 days after birth, and resolves 
spontaneously within 7-14 days. However, in some infants, extremely high 
bilirubin level in the blood puts them at risk for acute and chronic 
3 
encephalopathy (kernikterus). The risk of severe jaundice is highest between 
∼3 and 6 postnatal days when the bilirubin level in blood reaches its peak in
most infants. Timely detection, monitoring, and treatment within this
window is effective in preventing most bilirubin-induced mortality [ 5].
Fig.1-2 A baby with neonatal jaundice. [Source: https://dlpng.com] 
For more than 40 years, phototherapy has been the standard of care for the 
treatment of hyperbilirubinemia in newborns. It is safe, relatively 
inexpensive, and may obviate the need of more invasive procedures. 
Bilirubin absorbs blue light more readily than other wavelengths. Blue 
light converts bilirubin in skin and subcutaneous tissues to water-soluble 
isomers that can be eliminated through stool and urine (Fig 1-3). 
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Fig 1-3 Mechanism of action of the blue light therapy 
The aim of phototherapy is to reduce serum bilirubin and prevent its toxic 
accumulation in the brain.  This treatment is required in more than 12% of 
term infants with the jaundice. The percentage tends to increase with 
decreasing gestational age of newborns reaching approximately 80% in pre-
term infants with the extremely low birth weight (less than 1,000g) [6]. The 
phototherapy is usually delivered with an overhead light. The 
recommendation of the American Academy of Pediatrics is a narrow range 460 
to 490 nm [7]. The light sources used in conventional phototherapy are 
fluorescent bulbs, gas discharge tubes, halogen lamps or light-emitting 
diodes (LED) with equally effective in reducing serum bilirubin levels. 
Currently, narrow-spectrum LED are replacing other light sources. For 
LED lights, the recommended distance from the light source to the infants 
is 20 cm [8]. Light therapy may be supplemented with the use of a light-
emitting pad. During treatment, an infant lies in a plastic crib wearing only a 
diaper and protective eye patches (Fig.1-4). To increase the speed of blood 
bilirubin decrease, as much of the neonate’s skin surface as possible should 
be exposed to the light. It is recommended to pay careful attention to the baby 
thermoregulation.[9]  
The therapy is administered in nearly continuous mode for 48 hours or more. 
It is necessary to continuously assess the well-being of infants receiving 
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the treatment. The most widely used monitoring technologies in the neonatal 
intensive care unit are ECG and pulse oximetry, which is based on contact 
photoplethysmography. 
Fig. 1-4 A baby receiving the blue light treatment. [Source: 
https://www.offset.com/] 
1.2 Photoplethysmography 
Understanding basic physical and physiological aspects of PPG method 
is necessary to choose an appropriate sensor and use it correctly including 
interpretation of the information it provides. PPG is the estimation of 
instantaneous changes in local blood volume, based on the amount of 
light transmitted of reflected after interaction with the tissues. As the 
systolic and diastolic pulse travel through an artery or arteriole, the 
properties of the pulse itself and the compliance of the vessel lead to a 
change in vessel diameter and consequently a change in blood volume. 
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This correlates with a change in light detected by a photodiode after 
illumination and hence a change in the voltage or current generated by 
the photodetector. The collected light varies in intensity and has a 
pulsatile component, often called the AC component, and a quasi-DC 
component. The variation in the quasi-DC component is due to many 
factors: the optical properties of the tissue, average blood volume, 
respiration, vasomotor activity, vasoconstrictor waves, Meyer waves, and 
thermoregulation [10,11, 12]. The pulsatile component (“AC”) of PPG is the 
variation associated with arterial blood volume. Over an entire cardiac 
cycle, if the quasi-DC baseline light signal from the other tissue 
parameters is removed, this leads to the AC PPG waveform, which is 
attributed primarily to the cardiac pulse. 
PPG is easy to use, cheap and can allow extracting many cardiovascular 
parameters of interest. The basic form of PPG technology requires only a 
few optoelectronic components: a light source to illuminate the skin, and 
a photodetector to measure the small variations in light intensity 
associated with changes in perfusion. 
There are two signal acquisition modes: transmission and reflection, 
illustrated in Fig. 1-5. 
Fig. 1-5 The operation principle of PPG sensors by transmission (a) and by 
reflection (b). Adapted from [13] 
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In transmission mode, the skin tissue is irradiated by a light-emitting 
diode (LED), and light intensity is measured by a photodetector on the 
other side of the tissue, e.g., across a fingertip or an earlobe. A pulse of 
blood increases both the optical density and path length through the 
illuminated tissue, which decreases the light intensity at the 
photodetector. Light intensity is mainly attenuated by oxygenated and 
deoxygenated hemoglobin in red blood cells. Transmission PPG is an 
underling principle of clinical clip type pulse oximeters, which compute 
fractional arterial oxygen saturation using PPG with at least two 
wavelengths: red and infrared. The probes are often adhered to the patient 
to apply enough pressure to collapse the low-pressure venous system. 
In reflectance-mode PPG, a photodetector is placed on a tissue’s surface 
alongside the LED. The relation between blood volume and the 
Photoplethysmogram is similar to the transmission mode.  Light from the 
LED after entering the tissues is reflected by deeper structures, and 
“backlights” superficial blood vessels. Then, as superficial blood vessels 
are filled with more blood in systole, they absorb more light returning 
from the deeper tissues, and photodetector light intensity decreases. There 
are two reflectance PPG modalities.  
Contact PPG. Conventionally, for PPG signal acquisition, punctiform-type 
skin contact probes are used (usually PIN-diodes). LED is used as a light 
source. The LEDs have a narrow single bandwidth (typically 50 nm) and a 
very long operating life (>105 h), operate over a wide temperature range with 
small shifts in the peak-emitted wavelength, and are mechanically robust and 
reliable. The averaged intensity of the LED should be constant and preferably 
be sufficiently low to minimize excessive local tissue heating and also reduce 
the risk of a non-ionizing radiation hazard. The choice of photodetector is also 
important. Its spectral characteristics should match that of the light source.  
The contact PPG devices provide information only on a single-point changes 
in the blood flow. But the PPG signal intensity and quality have skin-site 
variations [14, 15]. Besides, a change in contact force between the skin and the 
sensor can significantly alter the signal waveform [16]. To address these issues 
a number of skin video imaging methods have been introduced. By tracking 
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the oscillation in skin color it allows to extract cardiovascular parameters from 
the signal captured with digital cameras. 
Non-contact PPG. Starting from the seminal study of Verkruysse et al. in 2008 
[17], there have been an ever growing number of publications on using the 
video camera as a photodetector for beat-to-beat intervals [ 18 ], heart rate 
variability [19], and blood pressure estimation [20]. Camera-based PPG derives 
a heart rate by detecting and amplifying small changes in the color of skin 
occurring with each heartbeat. Many researches used consumer cameras 
under an ambient light, without a dedicated light source. Such setup has the 
following inherent disadvantages. 
1) the light intensity is captures over a two dimensional grid of pixel. To yield
the periodic PPG signal from the video, on the post-processing level, it is
usually necessary to perform RGB channels separation and spatially average
the recorded intensity level over all the pixels in the skin region of interest.
That hinders the video PPG application in real time, because online frame-to-
frame image processing requires powerful CPU.
2) It is hard to get conclusive result of comparing different wavelengths and
RGB channel/their combination. The reason: the sampling frequency differs
by the color channel. Most cameras adopt the RGB three-color Bayer pattern.
The information of the green channel is half of the entire sensor. Thus, the
green channel is sampled more densely than the red and blue channels. The
blue and red channels record half the proportion of the light falling on the
sensor than does the green channel, so the blue and red channels will tend to
be noisier than the green channel. That could explain the cleaner PPG
waveform, obtained from G channel.
3) There are many image processing steps in the camera including denoising,
demosaicking, automatic white balance, automatic exposure, gamma
correction, color correction, brightness and contrast adjustment, and edge
enhancement. Several automatic brightness and color functions on each
channel. All these steps add noise to the signal and even more complicates the
comparison of different approaches.
4) For the digital video cameras the usually frame rate is 30fps. For 30fps, the
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time difference between frames is 33.3 ms, which results in an ambiguity in 
determining an exact heartbeat instant. That fact can hinder the applicability 
of the method for heart rate variability and unacceptable in pulse transit time 
measurements. Additionally, the accuracy in detecting characteristic points in 
PPG mainly depends on the sampling frequency and morphology of the PPG 
pulse wave.  
5) Sensors of consumer cameras have an extremely strong sensor noise in case 
of non-optimal lighting conditions. In case of digitalization with 8, 10, or even 
12 bits, there are other noise effects (photon noise, digitalisation noise, dark 
noise). Most CMOS image sensors have ADC resolutions of 10 to 12 bits 
(webcameras use 8-bit).  
The main limitation of camera PPG in the context of monitoring neonates with 
jaundice is due to inherent properties of image sensor. The PPG signal is 
known to be strongest at the green channel, therefore PPG signal acquisition 
with the image sensor requires a considerable light intensity in green part of 
the spectrum. However, during blue light therapy the ambient illumination is 
predominantly the narrow-spectrum blue light. Do date, there are no studies 
on non-contact PPG measurements using blue wavelengths. 
The present study aimed at investigating the feasibility of PPG in blue light 
for non-contact HR measurements, which could be used for monitoring 
babies with the jaundice during light therapy. 
 
1.3 Thesis Overview 
In this thesis, a novel PPG acquisition approach was proposed. As a 
photodetector, I used a Color Sensor TCS3472 in non-contact modality. 
TCS3472 combines the advantages of video camera based PPG and avoids its 
shortcomings. It captures the light intensity over a two-dimensional grid of 
photodiodes with an equal number of photodiodes for green and blue sensing 
enabling unbiased comparison of different parts of light spectrum. To acquire 
the signals under stable and controlled conditions, I designed an application-
specific illumination system. A custom-made ECG device was used for 
obtaining reference measurements. Green and blue PPG signals and ECG 
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waveforms were acquired from the palm skin of 12 subjects. Since 
temperature fluctuations were identified as a significant source of PPG signal 
corruption, the dataset was acquired under two temperature conditions. The 
green and blue PPG signals were assessed and compared by measuring the 
signals amplitude, SNR and instantaneous HR. The effect of the skin 
temperature fluctuations on PPG signals was analyzed.  This study is the first 
one employing the Color Sensor for PPG signal acquisition and the first 
comparative study on Blue and Green PPG in the context of temperature 
artifacts resistance.  
The outline of the thesis is as follows. This thesis is organized into five 
chapters. Chapter 1 introduces a general overview to the subject, the problem 
statement and the objective of this thesis. Chapter 2 presents the literature 
review related to the research topic. It outlines the factors influencing the PPG 
waveform shape and signal quality. It also summarizes research on non-
contact PPG acquisition in neonates and comparative studies on PPG in 
different wavelengths. Chapter 3 explicitly explains the proposed approach to 
blue PPG validation, applied methodology, experimental setup and collected 
dataset. Chapter 4 shows analyses of the experimental data and obtained 
results, which are followed by a detailed discussion about the findings. 
Chapter 5 presents conclusion, possible applications of blue PPG, the study 
limitations and directions for future research.  
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2 Related Work 
This chapter explicitly explained the factors influencing the PPG waveform 
shape and signal quality. It also summarizes research on non-contact PPG 
acquisition in neonates and comparative studies on PPG in different 
wavelengths. 
2.1 Factors affecting the signal shape and quality 
The light interacts with structures of the skin surface and below it, through 
absorption, reflection and scattering. Skin reflectance is equal to the fraction 
of incident light that is reflected back from the skin. Unfortunately, a large 
part of the light incident on the skin reflects back from the surface without 
interacting with deeper skin layers. Remaining part of the incident light goes 
underneath the skin surface and is absorbed by chromophores present in the 
tissues and the blood. Thus, a total reflectance consists of components: 1) sub-
surface reflection components due to the photons that penetrate the skin and 
interact with deep tissue and carry an information about the cardiac pulse 2) 
direct surface reflections, which contains no pulsatile signal typically reduces 
the signal-to-noise ratio (SNR). The direct skin reflectance depends on the 
skin properties and varies between individuals. Due to fluctuations of the 
refractive index within tissue components and intense scattering, the spatial 
distribution of light within the skin is diffuse.  
Light absorption by the skin depends on the composition, absorption spectra 
and amount (volume fraction) of chromophores (target biological molecule 
in irradiated tissues). 
In epidermis, a melanin is a natural light-absorbing chromophore, with 
broad absorption spectra (being the most intensive in the ultraviolet 
spectrum and shorter wavelengths). The dermis consists of two layers of 
connective tissue fibers and blood vessels. The main dermal chromophores 
are the blood derived pigments: hemoglobin, bilirubin and carotenoids. 
Hemoglobin is of primary interest for PPG. It transports oxygen from the 
lungs to all body tissues. This chromophore is present in blood red cells in 
two forms: oxygenated and reduced deoxyhemoglobin and oxy-hemoglobin 
12 
show the highest absorption at 420 nm and 410nm, respectively. Their 
secondary absorption peaks are 580nm and 550-600nm, respectively[21]. Then 
absorption gradually declines for longer wavelengths.  
Different wavelengths display different tissue penetration capabilities. In 
general, the longer the wavelength, the deeper the penetration into tissues. 
The various cell and tissue types in the body have their own unique light 
absorption characteristics, each absorbing light at specific wavelengths. For 
best effects, the wavelength used should allow for optimal penetration of 
light in the targeted cells or tissue. In general, the longer the wavelength, the 
deeper the penetration into tissues.8-10 Depending on the type of tissue, the 
penetration depth is less than 1 mm at 400nm, 0.5 to 2 mm at 514 nm, 1 to 6 
mm at 630 nm, and maximal at 700 to 900nm [22]. 
Fig. 2-1 Absorption spectra of hemoglobin. oxyhemoglobin (HbO2) – red 
solid line, deoxyhemoglobin (Hb) – blue line. Adapted from:[23] 
Apart from hemoglobin, there is another major light absorber that is 
sometimes present in blood – bilirubin. It is a by-product of hemoglobin 
breakdown. The bilirubin has an absorbance range of 400 to 520nm.[ 24] 
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Skin microvascular bed can be divided into three layers: subepidermal layer 
with capillaries, dermal layer with arterioles and subdermal layer with 
arteries. It is known that light of longer wavelengths has deeper penetration 
into the biological tissue than light of shorter wavelengths 
According to, According to Lindberg and Oberg [25], and Ugnell and Oberg 
[26], blue light PPG is likely to probe superficial plexus arterioles in the upper 
part of the reticular dermis; green PPG - ascending arterioles and/or 
superficial plexus arterioles located in the upper region of the reticular 
dermis. In contrast, longer wavelengths like red and IR can reach the arteries 
in the subcutaneous tissue and probe the deep plexus arterioles located in 
the lower part of the reticular dermis. 
Fig.2-2 Skin layers and microvascular bed. Adapted from 
[https://www.amboss.com/us/knowledge/Skin_and_skin_appendage] 
PPG signal results from the light that reflects off the skin after being modified 
by absorption and being scattered on the skin surface and internal skin 
structures. 
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In case of red or NIR illumination, the reflection and scattering from deeper 
tissue produce a much more complex signal, than in shorter wavelengths. 
Red and NIR PPG signals are a  superposition of pulse wave functions with 
different waveforms and phase shifts [27]. Additionally, deep arterioles and 
arteries, probed by red and IR light, have a lower Young modulus, therefore 
they are relatively more subjective to displacement or compressions. Both 
factors contribute to lower resistance to motion artifact compared to blue and 
green.   
For best signal quality, the wavelength used should allow for optimal 
penetration of light and have significant chromophore concentration within 
this depth. Green and blue reflectance PPG include less information from 
various non-pulsatile media than infrared PPG. This means that they are 
affected by noise to a much lesser extent. Another advantage of the shorter 
wavelengths is their relatively high hemoglobin absorption.  
Although the hemoglobin absorption peaks at the blue part of the spectrum, the 
green part of the spectrum has been the most commonly used in the reflectance 
PPG. Blue wavelengths have been often overlooked, because it is assumed to 
have an insufficient penetration depth. 
The photoplethysmogram is usually a qualitative measurement, where 
reductions in light intensity indicate relative increases in blood volume and 
vice versa. By convention, the signal is inverted so that it correlates positively 
with blood volume. The appearance of the PPG pulse is commonly divided 
into two phases: the anacrotic phase is the rising edge of the pulse, whereas 
the catacrotic phase is the falling edge of the pulse. The first phase is 
primarily concerned with systole, and the second phase with diastole and 
wave reflections from the periphery. The first and second derivatives of the 
PPG signal were developed as methods which allow more accurate 
recognition of the inflection points and easier interpretation of the original 
PPG wave. In literature, the second derivative of Photoplethysmogram is 
also called the acceleration PPG because it is an indicator of the acceleration 
of the blood in tissues. 
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2.2 Skin temperature and babies’ thermoregulation 
The skin can be divided into two types. Non-hairy (glabrous) skin covers 
specialized heat exchange organs. It is characterized by several common 
features, including the absence of hair, dense vascularization, abundance of 
arteriovenous anastomoses and a large surface-to-volume ratio. The non-
hairy skin covers only the palms of the hands, the soles of the feet, the ear 
pinnae and areas of the face. It is strongly influenced by an ambient 
temperature, therefore the temperature of the non-hairy skin varies 
widely.[ 28 ] Hairy (non-glabrous) skin is characterized by the lack of 
arteriovenous anastomoses and by the presence of hair follicles. Both 
features make this skin better suited to serve as a thermal insulator, rather 
than a radiator. The temperature of hairy skin is relatively stable and reflects 
a deep body temperature [29] 
As one of the chief thermoregulators of the human body, the skin has a great 
vascular network and linked complex nerve fibers that together control the 
blood flow. Normally, a connection between the arterial and the venous 
circulation is created by capillaries, but in specific glabrous skin parts of the 
body there are direct connections between the arterial and venous networks, 
called arteriovenous anastomoses (AVAs). They play a central role in 
thermoregulation, serving as a heat exchanger [30].   
Glabrous areas have numerous arteriovenous anastomosis located in the 
lower dermis, which are richly innervated by sympathetic vasoconstrictor 
nerves. Increased sympathetic tone in response to a decrease in core 
temperature constricts arterioles and drastically reduces blood flow through 
arteriovenous anastomoses, thereby reducing heat loss from the surface of 
the skin. In response to an increase in body temperature, the withdrawal of 
sympathetic tone leads to passive dilation of arterioles and arteriovenous 
anastomoses and enables heat loss by increasing blood flow to the venous 
plexus. Furthermore, as research has shown, blood circulation in the hand is 
reflected in hand skin temperature. [31] 
Neutral thermal environment (thermoneutral zone) is the optimum 
environmental temperature to ensure an infant has the lowest oxygen and 
energy expenditure whilst maintaining a normal body temperature. The 
thermoneutral zone for a naked resting human is about 26C to 36 C, but 
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lower when active and clothed. 32  In this temperature range, body 
temperature is controlled solely by adjusting blood flow to the skin.  
 Blood flow to the body extremities (hands and feet) respond rapidly upon 
exposure to cold, with a sympathetically-mediated vasoconstriction 
reducing blood flow to the peripheries in favor of a central pooling of blood 
in the torso and deep body core. Within the thermoneutral zone, the skin 
temperature in these organs fluctuates widely, reflecting changes in 
vasomotor tone.[ 33] 
2.2.1 Newborn thermoregulation 
Children and adults are homeothermic, maintaining a constant deep body 
temperature over a wide range of ambient thermal conditions. The newborn 
infant, by comparison, can only achieve control of temperature over a 
narrower range of ambient conditions. Several factors can compromise 
babies’ ability to maintain a steady body temperature: 
 A relatively high metabolic rate;
 Large surface to body mass ratio;
 A large head relative to the body accounting for up to 25% heat loss;
 Lack of subcutaneous fat resulting in poor insulation;
 Permeable skin, especially with prematurity;
 Immature hypothalamus, central nervous system and vasomotor
control;
 Inability to conserve heat through shivering;
 Reduced energy stores;
 Poor muscle tone and inability to change body position; and
 Inefficient sweat glands. [34]
Creating a thermoneutral environment is essential for the wellbeing of 
newborn babies, especially for those who are born prematurely, or who need 
special or intensive care. The thermoneutral zone for a full-term naked 
neonate, 2-9 days of age, is 31-32.5C. At an environmental temperature of 
32.5 C, body temperature and evaporation are expected to increase. At 29 C 
neonates demonstrate vasoconstriction without showing much 
discomfort.[35] 
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2.3 The influence of skin temperature on PPG 
Since the PPG sensors are usually placed on open skin areas, the temperature-
induced signal corruption can be an issue. The lumen diameter of all blood 
vessels is predominantly determined by the discharge frequency of the 
sympathetic nerve fibers innervating the vascular smooth muscles. In cold 
temperatures, peripheral blood flow reduces due to vasoconstriction of the blood 
vessels, which leads to a smaller PPG signal amplitude. [ 36 .] The systolic 
amplitude is an indicator of the pulsatile changes in blood volume, caused by 
arterial blood volume, which is directly proportional to local vascular 
distensibility. SNR od PPG signal is determined by amplitudes of signal and 
noise. [37]  
Fig.2-3 Skin temperature influence on PPG signal acquisition. 
Studying the effectiveness of PPG on identifying limb ischemia among men and 
women of an average age of 70 years old, Carter and Tate reported that PPG 
amplitude is significantly correlated (r = 0.550; p < 0.001) to skin temperature of 
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the toe, as body cooling leads to reductions in PPG wave amplitude [38]. Hahn et 
al. studied the effect of cold exposure on arterial PPG among 10 heathy 
volunteers and 10 individuals with systemic sclerosis. They report significant 
reductions in PPG pulse wave amplitudes (p < 0.0001) in both groups after 
cooling the finger to 16 degrees Celsius.[39] Askaraian et al. measured finger PPG 
in 20 healthy volunteers aged 18 to 80 years old and found that a drop in 40 
degrees Celsius contributed to a 12 dB drop in PPG signal amplitude and 
compromised HR estimation accuracy [40]. Investigating finger PPG in the skin 
temperature range between 22˚C and 40˚C the authors described a significant 
decrease in PPG DC component and an increase in PPG AC component with 
increasing skin temperature. They concluded that the PPG component changes 
were linked to changes in the body temperature and the theory that maintenance 
of body temperature under the increase and decrease of heat loss was mainly 
achieved through the blood flow control.[41] Study [42] confirmed significant 
changes in DC and AC amplitudes of the PPG pulse. The authors suggested that 
mild cold exposure may have a delayed effect on PTT due to cold-induced 
vasodilatation and could be a potential source of error. 
Only few studies examined PPG signal acquisition in different wavelengths 
under temperature artifacts. In [43 ] the authors proved the advantage of the 
green PPG over the signal in infrared at skin temperatures 25°C and 15°C by 
comparing the ratio of the AC and DC components and the accuracy of pulse 
rate detection for these signals. The same researchers also conducted 
experiments in cold (10°C), hot (45°C), and normal environments.[44] The pulse 
rates were compared among three measurement devices and the AC and DC 
components of the PPG signal were evaluated during heat stress. The pulse rates 
obtained from green light PPG were strongly correlated with the ECG in all 
environments, but those obtained from infrared light PPG displayed a weaker 
correlation with cold exposure. The AC components were of similar signal 
output for both wavelengths during heat stress. Also, the DC components for 
green light PPG were similar during heat stress, but showed less signal output 
for infrared light PPG during hot exposure. The main reason for the reduced DC 
components was speculated to be the increased blood flow at the vascular bed. 
Although the hemoglobin absorption peaks at the blue part of the spectrum, no 
studies on comparison between green and blue PPG under different temperature 
conditions have been found.  
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2.4 Non-contact PPG for neonates monitoring
Aarts and colleagues45 studied nineteen neonates and found that for thirteen, 
more than ninety percent of the time a HR within 5 bpm of the ECG standard 
could be derived. A diverse set of neonates between 25 and 42 weeks 
gestation, weighing 470 to 3810 grams, were recorded without changes to 
standard NICU lighting. Encouragingly, both a newborn being rocked in 
their mother’s arms, as well as one receiving high frequency oscillation 
ventilation, could be successfully monitored. However, for nearly a third of 
patients, camera-derived HR was more inaccurate than the study cutoff for 
more than 10% of the time. The authors concluded that better hardware and 
algorithms were needed to improve robustness. Scalise and colleagues 
discarded more than 40% of the expected data points likely due to webcam 
or ECG inaccuracy (46). Rather than excluding and minimizing movement, 
Mestha and colleagues utilized an approach with a strong focus on motion 
compensation (47). Simultaneous capture of multiple regions of interest (areas 
of skin selected on the video of the patient), combined with an adaptive filter 
meant that poor signal quality due to movement in one or multiple areas was 
able to be detected. However, large motion resulting in loss of accurate 
monitoring occurred approximately 10% of the time for their half-hour 
recordings of eight term-born infants. During the remaining time, camera-
derived HR was within 6 bpm of the ECG standard for >95% of the time. 
Chaichulee et al.[ 48 ] obtained PPG recording from 30 pre-term infants 
admitted into the NICU. They extracted multiple photoplethysmographic 
imaging signals from each body part, analyzed their signal quality, and 
compared them with the PPG signal derived from the entire skin area. The 
results demonstrated the benefits of estimating heart rate combined from 
multiple regions of interest using data fusion. A mean absolute error of 2.4 
beats per minute was achieved for 80% (31.1 hours) from a total recording 
time of 38.5 hours. 
These studies are summarized in Table 2-1. 
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2.8±4.5 2.5±5.5 0.3±5.2 -0.9±8
In the above mentioned works, HR was derived from post hoc analysis of 
recordings, not in real-time. The signal parts heavily corrupted by artifacts 
were excluded from the analyses. All these studies were conducted in 
intensive care departments, under controlled temperature condition. None 
of these specially investigated PPG acquisition in blue light. 
2.5 PPG in blue light 
Only three studies compared the PPG in blue light to other wavelengths. Both of 
them hypothesized that influences of motion artifact could be wavelength-
dependent and examined the susceptibility of red, green, and blue PPG signals 
to motion artifacts. Lee et al. [49] examined the change of signal-to-noise ratio 
(SNR) by motion for each of the three wavelengths and found no significant 
difference of SNR changes between the green PPG and the blue PPG. However, 
Bland-Altman analysis of HR measured by ECG and pulse rate measured by 
PPG revealed the larger limits of agreement in blue PPG (±2.23 bpm) compared 
to those in green PPG (±0.61 bpm). Although the authors concluded that in terms 
of susceptibility to artifacts, the green light PPG performed better than red and 
blue PPG, the conclusion can be premature due to the fact that for green and blue 
PPG signals detection photodiodes of the same type (TEMD5510FX01, Vishay 
semiconductors) were employed. TEMD5510FX01 is an ambient light sensor, 
adapted to human eye responsivity. It has inherently lower sensitivity to blue 
compared to green (peak sensitivity at 540 nm) and could cause the blue signal 
to be apparently noisier.  
Matsumura et al. [50] used a iPhone 4s for PPG acquisition from the left index 
finger during baseline and while adding motion artifact. The motion artifacts 
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included rhythmical motions at about 6 Hz in horizontal and vertical planes. The 
pseudo-white color flash LED as a light source and the CMOS camera as a 
photodetector were positioned side-by-side. iPhysioMeter application 
simultaneously recorded the PPGs derived from the three colors and the three-
axis g-forces at a sampling frequency of 30 Hz. The PPGs in three different 
spectral regions (red, green and blue) were compared based on HR, SNR and 
normalized pulse volume.  
The analyses revealed that the accuracy of HR was acceptably high with all three 
wavelengths, but that of normalized pulse volume was the best with green light 
(r = 0.791, fixed biases: 20.01 arbitrary units, proportional bias: r = 0.11). The 
signal-to-noise ratio obtained with green and blue light PPG was higher than that 
of red light PPG. Although blue and green light PPGs showed the nearly 
equivalent SNR, Bland-Altman analysis demonstrated the green PPG’s 
superiority in terms of HR estimation. It is worth mentioning that this study also 
used a biased approach to the wavelengths comparison, since the Bayer pattern 
video camera was employed with the green channel being half of the entire 
image sensor. Another limitation is the use of flash LED instead of a dedicated 
light sources where wavelength is specified with some precision. 
Matsumura et al. [51 ] study addressed PPG robustness against motion artifacts 
for different light wavelengths and measuring modes to accurately determine 
HR. Twelve healthy volunteers underwent motion artifact experiments during 
PPG measurements, in which they were asked to either remain still or wave their 
hands horizontally or vertically as fast and rhythmically as possible. Reflectance 
mode blue, green, red, and near-infrared lights and transmittance mode red and 
near-infrared lights were evaluated for PPG signals acquired along with 
electrocardiogram (for reference HR) and hand acceleration measurements. The 
analysis revealed that the reflectance mode blue and green PPG increased the 
signal-to-noise ratio by approximately 8 dB compared to transmittance mode red 
PPG. The HR obtained from both blue and green PPG did not exhibit fixed or 
proportional bias, with a Pearson's correlation coefficient above 0.986. 
Furthermore, blue PPG was superior to green PPG in every aspect. 
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Table 2-2 Blue and Green PPG Comparison under motion artifacts. 
Study Lee et al.,2013 Matsumura et al., 2014 Matsumura et al., 2020 
PPG modality Contact Non-contact Contact 
Light source LED 
Green(530nm) 
Blue(470nm) 





Photodetector silicone photodiode 
TEMD5510FX01 
(Vishay) 




green green Green (enhanced blue 
sensitivity) 




(−7.41 ± 3.64 dB); 
Blue (−7.49 ± 3.69dB) 
Vertical: Green 
(−8.64 ± 4.39 dB); 
Blue (−7.49 ± 3.75 
dB) 
Rest: Green (30.5± 5.1 
dB); Blue (30.6± 5.0dB); 
Horizontal: Green (22.5 
± 6.1dB); Blue 
(22.8±7.9dB); 
Vertical: Green (22.4± 7.1 
dB) ; Blue (21.7± 7.3dB) 
Mean SNR (across rest 
and motion): 
Blue (12.0dB); Green (11.9 
dB) 
Accuracy 





Blue: 0.18 ±2.23bpm 
Bias+LoA  
Blue: -0.07[1.27, 1.13] 
Green: -0.12[-0.83, 0.58] 
Bias+LoA  
Blue: -0.197[-5.08, 4.68] 
Green: -0.567[-6.53, 7.67] 
All three studies listed in Table 2-2 found no significant difference between blue 
PPG and green PPG SNR. The accuracy of HR estimation produced mixed 
results. Noteworthy, all these studies used photodetectors with inherently lower 
sensitivity to blue, biasing the wavelengths comparison results. 
Lack of photodetectors with the peak spectral sensitive in blue has been one of 
the factors hampering blue PPG exploration. Among the conventional silicon 
PIN-detectors for contact applications, photodetectors with “enhanced” blue 
sensitivity is the most suitable option. But their spectral sensitivity peak is not in 
blue, but rather green or near-infrared spectra. As for non-contact PPG, the Bayer 
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pattern image sensor is routinely used. Its main shortcoming is that the number 
of green pixels is doubled compared to red or blue ones. Using a photodetector 
with inherently low blue sensitivity can lead to biased and inconclusive results 
of the wavelength comparison. 
The three above mentioned studies examined the susceptibility of red, green, and 
blue PPG signals to motion artifacts. There have been no studies on evaluating 



















3 Method and Dataset 
This chapter explains the proposed PPG approach, applied methodology, 
experimental setup and collected dataset.  
3.1 PPG system 
Despite the growing popularity of non-contact PPG, there are no internationally 
recognized standards in research methodology. A new PPG approach is 
assessed by comparison to the conventional one. Currently, it is the green PPG. 
Since PPG is prone to motion and temperature artifacts, the signals should be 
evaluated under the interference. Blue PPG’s resistance to motion artifacts has 
been already explored in previous studies. During blue light therapy in 
newborns, temperature artifacts may be of primary importance. There have 
been no studies on blue PPG under temperature interference.  
Previous studies on blue PPG used photodetectors with inherently higher 
sensitivity to green wavelengths, thereby biasing the results. Thus, selecting the 
appropriate photodetector is a key factor in the wavelengths comparative 
research.  
I proposed a novel PPG acquisition approach. As a photodetector, the TCS3472 
Color Sensor (ams AG) was chosen instead of the previously employed PPG 
sensor types. The color sensor includes an equal number of red(R), green (G), 
and blue (B) photodiodes that makes TCS3472 highly suitable for the 
wavelengths comparison. In the proposed design, the PPG signals were acquired 
in the reflectance geometry and without direct contact between the sensor and 
the skin. Using the Color Sensor as a photodetector allows to overcome the 
drawbacks of image sensors. Similar to the video camera, TCS3472 captures the 
light intensity over a two dimensional grid of pixels. In contrast, the number of 
Red (R), Green (G), Blue (B) photodiodes are equal and they have sharp spectral 
spike response curves. There are additional Clear Light sensing elements, 
intended for the sensor’s calibration purposes. The photodiodes are organized 
in a 4x3 matrix and coated with an IR-blocking filter. The TCS3472 has four 
integrating type ADCs which helps to minimize transient errors, since an 
intrinsic low pass filter is obtained by the photocurrent integration.  Through a 
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light-to-frequency processing stage the four ADCs simultaneously convert the 
amplified photodiode currents to a 16-bit digital value.  Thus, the ADCs output 
already averaged values separately for each of the four channels. TCS3472 also 
has an advantage in terms of time resolution. In the proposed system the 
sampling rate is set at 100Hz allowing for more reliable heartbeat intervals 
measurements. TCS3472 has adjustable integration time and gain. The 
integration time was set at 4.8 ms (two integration steps) as a tradeoff between 
the light intensity resolution and the sampling rate. For this integration cycle 
setting ADC max count (the full-scale reading) equals 2048 (211). The gain is set 
at x60. Communication of the TCS3472 data is accomplished over a fast, up to 
400 kHz, two-wire I2C serial bus. 
The illumination system was designed to acquire PPG signals from palm skin 
under stable and controlled conditions. It provides stable and uniform lighting 
for minimizing artifacts. The choice of light source is important. LEDs convert 
electrical energy into light energy and have a narrow single bandwidth (typically 
50 nm). They are compact, have a very long operating life (>105 h), operate over 
a wide temperature range with small shifts in the peak-emitted wavelength, and 
are mechanically robust and reliable.  
Since SNR of PPG is proportional to the light intensity [52], the LEDs must be 
bright enough to provide sufficient lighting. As a light source I opted for Inolux 
high brightness 0.6mm SMD LED IN-S63BT series with Viewing Angle 120°. To 
match the spectral sensitivities of TCS3472 we chose LED with emission in blue, 
green and red spectral bands with the wavelength peaks at 470nm, 530nm and 
630nm respectively. There are eight diodes of each type, mounted on a ring 
circuit board.  The LEDs of like colors form two groups, connected with each 
other in series. The four LEDs inside the group are connected in parallel.  These 
three groups of LED were mounted on a circuit board, which represents a circle 
with the inner and outer diameters of 23mm and 30 mm respectively. The LED 
illumination ring was inserted into dark cylindrical screening spacer (13 mm 
between the opening and the LED ring) which blocks an ambient light from 
getting inside. For PPG signal acquisition the hand should be placed on the rim 
of the spacer, so that a round spot of palm skin diameter 30 mm is illuminated 
from the bottom. The distance was chosen to ensure uniformity of illumination 




Fig.3-1 The PPG system. 
The skin-remitted light intensity is detected by TCS34725 Color Sensor. 
TCS34725 is mounted right below the ring. In this setup its viewing angle is 96°. 
The illumination and signal detection are performed normally to the skin surface 
The whole PPG module can be easily fitted inside the handle. Figure shows the 
geometry of the PPG system.  
 
Fig.3-2 The geometry of the PPG system. 
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To achieve the optimum level of illumination, programmable luminance LED 
controller system varies the light source brightness. LED configuration is a 
combination of parallel and series. Three voltage output digital-to-analog 
converters (DACs) provide the programmable voltages for the respective LED 
groups (red, green, and blue). A current mirror (operational amplifier U1, 
resistor R’, field-effect transistor Q) operates as a voltage controlled current 
source and can provide a constant current in the range 0-25.5 mA per LED group 
with 0.1mA resolution.  





,  (1) 
where UREF2 is the DAC reference voltage, Ni is the binary input to the 
respective DAC, R’i is the resistor value, and n is the DAC resolution. 
Given the difference in skin optical properties among subjects, the LED 
illumination intensity is adjusted automatically to prevent the TCS3472 readings 
from going off its ADCs scale. This calibration is performed in the beginning of 
each measurement. After the system is turned on, the initial current 25.5 mA is 
fed to each LED group. After obtaining the initial green and blue readings, the 
current is adjusted down until the largest amplitude signal (either green or blue) 
reaches 63% of the respective ADC scale. The current fed to the other LED group 
is adjusted proportionally by iterated successive approximation algorithm. 
3.2 ECG system 
ECG system was custom-made with the AD8232 front end (Analog Devices Inc.). 
The AD8232 accuracy of the single-lead ECG recording was previously validated 
against a medical grade ECG monitor.53 
The AD8232 is an integrated signal conditioning block for ECG, designed to 
extract, amplify, and filter small biopotential signals. The AD8232 features an 
instrumentation amplifier, a reference buffer, a spare amplifier, an amplifier to 
inject back the common mode voltage and several digital features such as 
shutdown mode, AC or DC leads-off detection and Fast Restore. 
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The AD823X manufacturer presents three application configurations in 
the datasheet, in which it states the bandwidth through high-pass and 
low-pass filter, with their respective equations to calculate cutoff 
frequency and gain. I tested the “cardiac monitor” application from those 
presented in the datasheet. This configuration presents maximum 
passband flatness designed for monitoring the shape of the ECG 
waveform; therefore, the filter stages were set accordingly: overall gain 
of 1100 and a bandwidth of 0.48–37 Hz. 
The first stage is a high impedance instrumentation amplifier that amplifies the 
small biopotential signal by a factor of 100. Together with R1, R2, C1, and C2, it 
provides a two-pole high-pass filter set at 0.48 Hz. This first stage is therefore a 
high pass filter and makes the AD8232 front end an AC coupled system. The first 
stage gain is 40dB. The second stage is formed by a spare amplifier that is 
configured (with R4, R5, C4, and C5) as a second order 37 Hz Low Pass Filter 





+ 1  (2) 
U3C buffers the input of ADC U8.  Additional low-pass filter (R8C8) has cut-off 
frequency 37 Hz. The frequency response of the ECG system was calculated 
using “AD8232 Filter Design Tool” software (Analog Devices Inc.). 
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Fig.3-3 The frequency response plot. 
The main features of the ECG acquisition block: 1 Channel; 500 samples/second; 
115 kBaud/sec; Right leg drive (RLD) circuit. The ADuM5241(Analog Devices) 
digital isolator optically isolates the system from the mains power for human 
safety. ADS8325 16-bit ADC converts the analog output of the AD8232 to a 
digital signal. 
Although the standard Lead I ECG signals can be recorded with the two-
electrode configuration 54, three-electrode configuration is preferable. The circuit 
of the third electrode (RLD) is used to control the common mode voltage of the 
subject's body directly by biasing the body potential to that of the circuit’s 
ground. The designed ECG system employs Left Arm (LA), right Arm (RA) and 
RLD electrodes.  
Although gel Ag/AgCl electrodes are considered the gold-standard electrodes in 
clinical measurements, they were not practical for signal acquisition in our 
experimental setup. Instead, we opted for nanoelectrodes developed in the 
Laboratory of Medical Engineering, Tomsk Polytechnic University. On the 
structure level, the electrode is a volumetric conductor with a large number of 
AgCl nanoelectrodes mounted in the pores of a porous ceramic diaphragm. The 
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design and technological features of nanosensors ensure the physical effect of 
spatial integration of the intrinsic noise of nanoelectrodes. In contrast to 
conventional electrodes, nanosensors record biopotentials from the nanosized 
areas of the body surface and in bulk of the microporous electrode. They exhibit 
low noise and electrode-skin impedance, allow biosignal recording with both 
wet and dry contact without any contact-enhancing substances.[55]  The material 
of the electrodes is highly durable, with no deterioration of characteristics over 
time. All three electrodes are around 1cm diameter, similar to typical paste-on 
ECG electrode.  
Figure 3-4 shows the PPG system prototype and ECG electrodes were inserted 
into two plastic holders with dimensions suitable for grasping. The PPG system 
and Right Arm ECG electrode were intended for the signals acquisition from the 
right arm. The other two electrodes (Left Arms and RLD) were installed in the 
holder for the left arm with 2 cm distance between them. 
An additional information regarding the ECG prototype development can be 
found in Appendix 1. 
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Fig.3-4 The ECG and PPG signal acquisition modules for left and right hands, 
respectively. 
3.3 The system overview 
For the application, a custom printed circuit board was produced. It is based on 
ADuC842 MicroConverter (Analog Devices Inc.), which features low inherent 
noise and low power consumption. Figure 3-5 illustrates the system block 
diagram. The algorithm for AD8232 was written in BASCOM. The circuits of the 
TCS3472 sensor, the illumination unit, ECG unit, ADuC842 micro converter, and 
power supply are presented in Figure 3-6. 




Fig.3-6 The circuit diagram. 
One rechargeable battery 3.5-8.4V or 5V adapter provides the system power 
supply. 









Table 3-1 Power consumption. 




TCS34725 3.3v 235uA 2.5uA 
ISL28433 3.3v 72uA 72uA 
AS1505 3.3v 0.01uA 0.01uA 
ISL28433 3.3v 72uA 72uA 
REF3225 3.3v 100uA 0.1uA 
AD8232 3.3v 170uA 0.040uA 
ISL22313 3.3v 2.5uA 2.5uA 
ADUC842 3.3v 13.7mA 10uA 
ADS8325 3.3v 0.75mA 0.1uA 
ADUM5241 - - - 
LDO 3.3V 3.4-4.2V 3uA 3uA 
LED RING 15V 25.5mA 0.1uA 
Step Up 15V 3.4-4.2V 1mA 6uA 
Except ring 3.4-4.2V 15.36mA   
LED RING+LED 
luminance controller 
3.4-4.2V 115mA   
LED power consumption: 25.5mA*15V=382.5mW   
Driver power consumption =382.5mW*100%/90%=425mW 
(LED)battery discharge current 425mW/3.7V=115mA. 
Total battery discharge current =115+15.36=130.36 mA 
3.7V 2500mAh battery life* = 2000mAh/130.36mA=15.34h 
The system can run for 15.34 hours, if no stand-by and other energy saving 





3.4 The Alignment of PPG and ECG Signals 
 To ensure that the beat intervals on the PPG waves correspond to the same 
heartbeats on ECG, a test square impulse (TTL, 2.5V, 10% duty cycle, 1 Hz) was 
created. Via frequency compensated voltage divider 1: 2500, it was fed from 
PWM out to AD8232 inputs and P1.7 port of ADuC842 to put the LED ring into 
blink mode. This test square signal was inserted in each data packet transmitted 
to the PC. As seen in Figure 3-7, PPG lags behind ECG by about 4.8ms.  
Fig.3-7 Alignment of the ECG and PPG Clear signals with the test impulse. Digits 
from 0 to 4 shows the numbers of times the ECG signal is sampled in 10ms. 
 
3.5 Participants and experimental procedure 
 Twelve healthy volunteers, ten men and two women between 24 and 59 years 
old, participated in the study. The experiments were conducted based on the 
principles of the Helsinki declaration. The experiments were carried out under 
room temperature 24°C. During the acquisition process, the participants were 
asked to sit still and breathe normally with both hands resting on the table at a 
height equivalent to their heart position. Their left palm was placed on RLD and 
Left Arm ECG electrodes, while the right palm was on the Right Arm electrode 
and PPG unit.  
The data were collected under two temperature conditions. Under the baseline 
condition, the subjects kept the hands in warm (40°C) water until the local skin 
temperature reached 34+2°C. Then, the signals were acquired after the Cold test: 
the skin temperature was lowered to 20+2°C by immersion in ice water. The 
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temperature was measured using an optical pyrometer. For each subject, the G 
and B outputs of TCS3472 were recorded simultaneously for 2 minutes along 
with the ECG signal.  
Data acquisition and processing were performed with the original software, 
created in LabVIEW18.0.4 (National Instruments, USA). LabVIEW is the 
graphical programming system that contains a comprehensive set of tools for 
acquiring, analyzing, displaying and storing data. There are two basic 
components in LabVIEW: the front panel screen and the block diagram screen. 
On the front panel, the running of the program and its performance can be 
viewed. The front panel is usually regarded as the user interface through which 
the user can visualize the performance of the program. On the block diagram 
screen, different virtual instruments are connected to carry out functions, such as 
reading the data, filtering etc. Two separate virtual instruments (VI) were created 
for 1) the signals recording; 2) for the signals’ filtering, characteristic points 




Fig.3-8 Block diagram of VI for the signals recording. 
 
Fig.3-9 block diagram of VI for the signals filtering, characteristic points detection 
and heart beat interval calculation. 
LabVIEW was used to evaluate the signals in real time and export the calibrated 
data into Excel file to store the obtained data on PC. Each data packet, 
transmitted to PC, contained the instantaneous ECG value and R, G, and B PPG 
readings. Since PPG has a five times lower sampling rate, a new measurement 
result appeared only in one out of five consecutive packets (the other four contain 
the replica of the previous measurement).  
For the signals’ amplitudes and heartbeat intervals measurements, the ECG 
signal was passed through a 4th order Chebyshev I with 1-12Hz cutoff 
frequencies, PPG signals were passed through a 4th order Chebyshev II with 0.5-
6Hz cutoff frequencies. From each of the ECG, B and G PPG recordings, 60 
heartbeat intervals were chosen for analyses. The originally extracted PPG 
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outputs was inverted to make the peaks in the signal correspond to the peak of 























4 Results and Discussion 
This chapter shows analyses of the experimental data and obtained results with 
the discussion about the findings. The results of all statistical analyses in this 
study were recognized as significant if the computed p-value was < 0.05. 
 
4.1 Comparison of Green and Blue Signals 
Amplitudes 
In preliminary experiments with six subjects, all three PPG signals (R, G, B) were 
compared in term of the amplitudes under the baseline condition. The 
amplitudes were calculated from the foot to peak of PPG waveforms. 
In the baseline signals from all, the amplitudes of R signals were significantly 
lower, than in the G and B signals. Even among the baseline raw PPG signals, 





Fig.4-1 Raw ECG, R, G, and B PPG signals from subject 1. 
After digital filtering, the difference between the R and the other two signals 
became more apparent (Fig.4-2). The distorted R waveform did not allow proper 
detection of all five characteristic points on the PPG waveform. Due to the 
inferior performance, red PPG was not considered in the rest of analyses. The 
result was expected, given the lower hemoglobin absorption for longer 
wavelengths and, therefore, a relatively low signal modulation as a function of 
the skin blood volume. Previous research showed that it is preferable to have 
large signal amplitude to acquire the heart rate signal.[56]  Therefore, the R signal 
was not considered in further analysis.  
 
Fig.4-2 Example of R, G, and B PPG signals from Subject 2. 
In raw green and blue signals, the difference between the baseline and cold 
experimental conditions is clearly visible. (Fig. 4-3) The baseline signals have 
higher amplitudes and more consistent shapes.  After digital filtering, the 
waveforms differences became more visible (Fig.4-4). On the baseline signals, the 
systolic and diastolic peaks are clearly distinguishable. In contrast, in Cold 
condition, the diastolic peaks disappeared. It can be explained by an increased 
peripheral vascular resistance, which caused the diastolic peaks shifting to the 
left and overlapping with the systolic peaks. [57] Additionally,  additional small 
spikes in the waveforms’ valley region were observed (indicated with the black 
arrows on (Fig.4-4). Since cold exposure caused contraction of the skin arteries, 








Fig.4-4 An example of filtered PPG signals under two protocol conditions. 
Under the baseline condition and Cold test, the PPG signals from three subjects 
(Subjects 2, 4 and 6) showed no significant difference between G and B 
amplitudes. Subjects 3 and 5 had significantly higher B amplitudes under both 
the Baseline condition and Cold test, while Subject 1 showed higher B baseline 
amplitude and higher G amplitude in the Cold test. 
Table 4-1 T-test Comparison between the green and blue PPG signals 
amplitudes. 









Baseline to Cold, 
% 
1 
Green 39.49 29.44 -25.45 
Blue 40.97 27.54 -32.77 
G-B 
difference 
p=0.03 p=0.0014 p<0.001 
2 
Green 45.06 28.70 -36.30 
Blue 44.24 28.54 -35.47 
G-B 
difference 
p=0.6 p=0.88 p=0.75 
3 
Green 91.75 89.33 -2.63 





p<0.001 p<0.001 p=0.14 
4 
Green 79.15 61.28 -22.57 
Blue 80.49 63.66 -20.91 
G-B 
difference 
p=0.44 p=0.087 p=0.67 
5 
Green 89.33 50.68 -43.26 
Blue 104.05 54.93 -47.20 
G-B 
difference 
p<0.001 p=0.02 p=0.003 
6 
Green 54.79 42.44 -22.54 
Blue 57.06 43.01 -24.63 
G-B 
difference 
p=0.34 p=0.79 p=0.6 
Averaged 
values  
Green 66.59 50.31 -24.45 
Blue 73.15 53.62 -26.69 
*The significance level - P<0.05 
Compared to the baseline values, in the cold test, there was a decrease in 
amplitude for both signals in all subjects on average: B – by 26.7%, G – by 24.5%. 
However, the difference in the drop between B and G in four subjects was not 
significant. In average, the amplitudes of the Blue signal were larger, than Green 
under both temperature conditions (Table 4-1). The PPG amplitudes decrease 
under the cold test is congruent with the previous studies [59,60,   61] and can be 
explained by the reduces blood volume due to vasoconstriction. 
4.2 Signal-to-noise ratio of green and blue PPG 
signals 
The common term for quantifying the digital signal is the SNR, and it can be 
calculated using the equation (3). Fast Fourier transform (FFT) is a fast 
computation algorithm for discrete Fourier transform (DFT), which is defined by 
the equation (4). FFT analysis was used to compute the noise of the digital signal 
by converting the time-domain signal to the frequency domain by decomposing 
a sequence of values into components of different frequencies. 
SNRdb = 20log(Asignal/Anoise)    ,                                                                        (3) 
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where Asignal is the amplitude of the signal and Anoise is the amplitude of the 
noise. 
                                                         (4) 
where xn is discrete-time input sequence; Xk is the DFT; and N is the number of 
samples. 
The spectra of the FFT is a series of N/2 points in the frequency domain from 0 
Hz to fs/2 Hz, where N is the number of samples and fs is the sampling 
frequency. The SNR of the PPG signal is calculated by subtracting the amplitude 
of the PPG signal from the amplitude of the noise level in dB. Table 4-2 
Summarizes SNR data for 12 subjects. 
 
Fig.4-5 An example of a PPG signal spectrum from Subject 3. 
Both wavelengths showed no significant drop in SNR under the cold exposure. 
This result is different from the findings in study of Askaraian et al. [62], where a 
drop in 40 degrees Celsius contributed to a 12 dB drop in PPG signal amplitude 
and compromised HR estimation accuracy.  The discrepancy can be explained 
by the different PPG hardware and experimental protocol. In present study, the 
signals were acquired under the skin temperatures within the thermoneutral 
zone, while in the above mentioned work, the skin temperature was decreased 
to extremely low values. Varying the temperature within the thermoneutral zone 
allows to explore the influence of vasomotor changes without perturbing blood 
pressure, cardiac output and metabolic heat production, as the latter changes can 
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be confounding factors in investigating the impact of local skin temperature on 
PPG signal.  
Table 4-2 SNR of blue and green PPG signals under the baseline and cold 
temperatures. 
Participant No. Baseline (34°C) Cold (20°C) 
Green Blue Green Blue 
1 32.29 31.11 27.89 25.69 
2 43.40 43 27.82 26.65 
3 32.88 32.94 33.81 32.94 
4 35.96 35.41 31.14 30.72 
5 27.66 25.41 30.91 31.52 
6 31.03 27.33 29.07 28.11 
7 27.52 29.38 25.16 23.92 
8 28.51 26.34 30.59 26.87 
9 42.07 41.48 23.94 21.97 
10 23.29 23.20 24.64 24.92 
11 26.14 27.47 28.51 26.58 
12 29.44 25.98 33.42 32.23 
Mean+SD, dB 31.68+6.16 30.71+6.83 28.90+3.24 27.67+3.13 
Noteworthy, according to the definition given in study [63], the color sensor 
output represents a truly raw signal. This means that the recordings in this study 
contain the directly captured values from the ADCs which receives the amplified 
analog signal. In my PPG device, no hardware filters were applied to remove the 
predominant DC component, low-frequency baseline wandering, and high-
frequency noise. In contrast, in the above mentioned PPG study (as well as in 
studies Matsumura et al. [64], Lee et al. [65], Matsumura et al. [66 ]), prior to SNR 
estimation, the sensor output was passed through at least a high-pass filter, 
implemented on-board, in the sensor’s analog front-end hardware. Additionally, 
in all standard pulse oximeters and commercial wearable devices, the signals are 
preprocessed to obtain a detrended and smooth signal. Such signals are also 
often rescaled or normalized, and flipped to be consistent with the associated 
arterial blood pressure waveform. Therefore, it is difficult to compare the SNR 




4.3 Analysis of heartbeat intervals from green and 
blue PPG 
On the ECG signals, heartbeat intervals were measured between the R-waves. R-
peaks detection was based on an amplitude threshold. On the PPG signals, 
heartbeat intervals were measured using five characteristic points. It is 
established that the waveform of the PPG signal changes significantly as a 
function of vascular properties due to skin temperature changes and blood 
pressure [ 67 ]. BP varies significantly in the short-term (seconds to minutes) due 
to emotions, stress, physical activity, meals, and other factors. To apply 
photoplethysmogram waveform analysis in a reliable and reproducible manner, 
it is important to investigate which characteristic point is more robust to the 
transient changes. 
In above mentioned studies on blue and green wavelengths comparison and 
temperature artifacts, heart beat detection was based on finding the systolic peak 
on PPG waveforms. Due to its detection algorithm’s simplicity, this characteristic 
point has been extensively used in studies on heart rate variability and blood 
pressure estimation using pulse arrival time. The peak value is deemed to 
correspond approximately to the systolic phase of the cardiac cycle.  
However, the timing of the peak depends on many factors, including the arterial 
rigidity, arterial pressure, pulse wave velocity, and distance of the local of 
measurement of the aorta, among others. A growing body of research has 
indicated that the peak (PPGmax) might not be the most optimal choice in 
heartbeat intervals estimation and put forward other characteristic points on the 
PPG wave. [68, 69] In experimental studies on heartbeat intervals and heart rate 
variability measurements in resting individuals[ 70, 71, 72], maximum of the first 
PPG derivative (VPGmax), maximum of the second PPG derivative (APGmax), 
minimum of the second PPG derivative (APGmin), or intersecting tangents (IT) 
are conventionally used PPG points, which were suggested as a better alternative 
to PPGmax. Therefore, I decided to estimate cardiovascular parameters using 
several characteristic points in order to verify the validity of the results in more 
details. 
The first and second derivatives of the PPG signal allow more accurate 
recognition of the inflection points and easier interpretation of the original PPG 
wave. In literature, the first derivative of photoplethysmogram is also called the 
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velocity PPG, the second derivative of photoplethysmogram is also called the 
acceleration PPG. Several points can be identified on these waveforms. 
PPGmax was determined as the maximum positive value on the PPG waveform. 
VPGmax equals the maximum rate of upswing of the pulse wave signal 
corresponding to the peak velocity of the vessel wall. This was determined 
numerically from the maximum positive value of the first derivative of the pulse 
wave. APGmax is the maximum acceleration of the vessel wall, detected by the 
calculation of the maximum positive value of the second derivative of the pulse 
wave. APGmin equals the maximum negative rate of change of the gradient. In 
IT algorithm firstly two preliminary points were determined using minimum 
PPG and VPGmax values, then the intersection point of tangent lines to the 
waveform in each foot defined a third point. On the PPG signals, heartbeat 
intervals were measured PPGmax-to-PPGmax, VPGmax-to-VPGmax, 
APGmax-to-APGmax, APGmin-to-APGmin, IT-to-IT.  
 
Fig.4-6 The intersecting tangents method. The time point a is the intersection of 





Fig.4-7 Example of PPG waveform with 1st and 2nd derivatives, showing 
characteristic points. a) intersecting tangents (IT); b) maximum 2nd derivative 
(APGmax); c) maximum 1st derivative (VPGmax); d) minimum 2nd derivative 
(APGmin); e) PPG maximum value (PPGmax). 
All the ECG and PPG signals collected were visually inspected to ensure proper 
characteristic points detection and heartbeat intervals measurement. False-
positive beats were removed by moving average and subsequent visual 
inspection.  
The data from 12 subjects were pooled, yielding 720 ECG-PPG data pairs for each 
characteristic point in G and B PPG waveforms (14.400 heartbeat intervals in 
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total). The PPGs’ accuracy of heartbeat intervals estimation was assessed using 
Bland-Altman and Passing-Bablok regression analyses for PPGmax, VPGmax, 
APGmax, APGmin, IT characteristic points. 
4.3.1 Bland-Altman analysis 
Bland-Altman analysis was performed to evaluate the degree of agreement 
between the photoplethysmographic heartbeat intervals estimates and the ECG-
measured values. Bland-Altman plot was introduced to overcome some 
drawbacks of correlation analysis and describes agreement between two 
quantitative measurements in terms of bias (mean difference) and limits of 
agreement (LOA) [73]). These statistical limits are calculated by using the mean 
and the standard deviation of the differences between two continuously-scaled 
variables. The Bland-Altman analysis have become a standard method in 
validity or method-comparison studies. 
Before the analysis, normal distribution of the differences should be verified by 
statistical tests, since in some cases normality cannot be determined simply by 
observing the histogram plot. If differences are not normally distributed, a 
logarithmic transformation of original data is recommended.  
An important role of Bland-Altman method is visualization. The scatter plots 
allow researchers to evaluate accuracy and precision of the method under 
investigation. The “precision” refers to the spread of measurements around the 
mean. The closer together are the values within the range, the more precise is the 
estimate. The “accuracy” is the degree to which a method measures the real 
value of a variable and is assessed by comparing the measurement method with 
a gold standard. Accurate measurements are close to the true value, irrespective 
of the spread of the measurements; in contrast, precise measurements are close 
to each other, irrespective of their deviation from the true value.  
The most common representation of the method is a scatter plot XY, in which the 
Y axis shows the difference between the two paired measurements (A-B) and the 
X axis represents the average of these measures ((A+B)/2).  Bland–Altman 
analysis determines the bias, or mean difference between the experimental and 
reference technique, as a measure of accuracy. As a measure of precision, the 95% 
LOA are used. Ideally, both methods (the reference and method under 
investigation) give exactly the same measurement results. In such case, all the 
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differences would be equal to zero. However, some degree of measurement error 
is always present generating a variability of the differences. However, if the 
variability of the differences is exclusively caused by measurement imprecision 
of each of the two methods, the mean difference should be zero. A deviation from 
zero indicates a systematic bias. To assess the precision of the estimates, the 
confidence interval (CI) is calculated using standard error. 95% CIs for the bias 
and LOA represent an estimation of the ‘true’ values in a target population. In 
particular, the 95% CI of the mean difference allows to evaluate the size of the 
possible sampling error and magnitude of the systematic difference. The bias is 
considered significant, if the line of equality is not within the 95%CI of the mean 
difference. It means a method under investigation constantly under- or over- 
estimates compared to the reference one. In short, the CIs of mean difference and 
of the agreement limits simply describe a possible error in the estimate due to a 
sampling error. The greater the number of samples used for the evaluation of the 
difference between the methods, the narrower will be the CIs, both for the mean 
difference and for the agreement limits.  
First of all, the data (the ECG and PPG-measured heartbeat intervals values, and 
the differences between them) were tested the normality using the D'Agostino-
Pearson test and were found to be non-normally distributed. Therefore, the ECG 
and PPG time series were log-transformed to approximate normal distribution. 
The plots were constructed each characteristic point in G and B PPG waveforms 
using 720 ECG-PPG data pairs. Usually the score of difference between two 
methods is plotted against their mean for each pair of measurements. In this 
study, since the ECG is considered the ground truth for heartbeat intervals 
calculation, the mean differences between the ECG and PPG are plotted against 
the ECG values.  
In addition to bias and limits of agreement (LoA) with their respective 
confidence intervals (CI), Bland-Altman ratio (BAR) and acceptable limit of 
agreement (ALoA) were calculated, as these evaluation criteria are commonly 
used in studies on PPG validation. The bias is the mean difference between the 
ECG and PPG estimates. I also calculated the bias, normalized to the average 
ECG value (%bias), to eliminate its dependency on heartbeat intervals durations. 
LOA = mean+1.96SD. The 95% LoA assume that 95% of the differences between 
the two methods lie within this interval. BAR was defined as the ratio of half the 
agreement limits to the mean of (ECG+PPG) averaged values. Conventionally, 
agreements are classified as good (BAR < 0.1), moderate (0.1 ≤ BAR < 0.2), or poor 
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(BAR ≥ 0.2). The ALoA was defined as 20% of the mean of (ECG+PPG) averaged 
values. The Bland-Altman plots are shown in Appendix 2. 
In all B and G PPG data under investigation, the bias was low compared to the 
ECG intervals duration (%bias ranged from 0.2% to 0.9%); the 95% CI of bias 
contained the value zero, implying the absence of a significant systematic error. 
Notably, the independent sample t-test revealed no significant difference in the 
bias values between the two types of PPG signals under both conditions, and for 
all characteristic points used in the analysis (the results were recognized as 
significant at p < 0.05.). Both B and G PPG demonstrated BAR<0.1 and LOA less 
than ALoA. To sum up, Bland-Altman analysis suggests good consistency of 
heartbeat intervals, obtained by the G PPG and B PPG, with the ECG measured 
values under both protocol conditions.  
Importantly, the B-A method does not say whether the agreement between the 
methods is acceptable or not. Acceptable limits are defined a priori, depending 
on the target patients in which the proposed method is aimed to be used. The 
decision-making process of accepting or rejecting new method for clinical use 
usually implies the calculation the appropriate sample size in advance. 
However, in B-A analysis, this is a controversial topic. Bland–Altman analysis is 
not a statistical test which provides a definitive answer in terms of P-values. 
Additionally, the variability of measurements with the new technique is 
unknown. 
We also examined the differences between the characteristic points themselves. 
APGmin showed the largest values of the bias (0.0008-0.0012 sec) and %bias in 
both wavelengths and conditions. The widest LOA and CI of bias were obtained 
for APGmin, and IT points. In both B and G PPG under the baseline condition, 
VPGmax exhibited the smallest values of bias and %bias, while in the Cold test, 
PPGmax demonstrated the narrowest LOA and CI of bias along with VPGmax. 
Thus, VPGmax outperformed other points in both wavelengths. APGmin and IT 
were the worst. The statistical parameters, calculated for each protocol in both 
wavelengths, using 720 ECG-PPG data pairs from 12 subjects, are shown in Table 
4-3. 













IT BB 0.0005 -0.4 -0.001 0.002 0.033 0.148 0.045 
IT BC -0.0006 0.5 -0.002 0.001 0.047 0.151 0.063 
IT GB 0.0005 -0.4 -0.001 0.002 0.030 0.148 0.041 
IT GC -0.0003 0.2 -0.002 0.002 0.047 0.151 0.062 
APGmax BB 0.0005 -0.4 0.000 0.001 0.023 0.148 0.031 
APGmax BC 0.0004 -0.3 -0.001 0.002 0.032 0.151 0.043 
APGmax GB 0.0004 -0.3 0.000 0.001 0.019 0.148 0.026 
APGmax GC 0.0003 -0.2 -0.001 0.001 0.032 0.151 0.042 
VPGmax BB 0.0003 -0.2 0.000 0.001 0.018 0.148 0.025 
VPGmax BC -0.0004 0.3 -0.001 0.001 0.029 0.151 0.038 
VPGmax GB 0.0003 -0.2 0.000 0.001 0.015 0.148 0.021 
VPGmax GC -0.0006 0.5 -0.002 0.000 0.026 0.151 0.035 
PPGmax BB 0.0006 -0.4 0.000 0.002 0.025 0.148 0.034 
PPGmax BC -0.0004 0.3 -0.001 0.001 0.029 0.151 0.038 
PPGmax GB 0.0006 -0.4 0.000 0.002 0.025 0.148 0.034 
PPGmax GC -0.0006 0.5 -0.002 0.000 0.026 0.151 0.035 
APGmin BB 0.0009 -0.7 0.000 0.002 0.034 0.147 0.046 
APGmin BC 0.0012 -0.9 0.000 0.003 0.042 0.151 0.055 
APGmin GB 0.0011 -0.8 0.000 0.002 0.030 0.147 0.041 
APGmin GC* 0.0008 -0.6 -0.001 0.002 0.041 0.151 0.055 
*BB - Blue Baseline; GB - Green Cold; BC - Blue Baseline; GC - Green Cold 
The plot also allows us to evaluate the differences at different magnitudes of the 
measured variable. It is apparent on the Bland-Altman plots that, irrespective of 
the wavelength and characteristic point chosen for heartbeat intervals 
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estimation, the variabilities of the differences between methods are not consistent 
across the graph. In baseline condition, the precision tends to decrease in the ECG 
heartbeat intervals range approximately 0.60-0.66, while being less affected by in 
the shortest heartbeat intervals. In contract, in the Cold test, the scatter around 
the bias line progressively increases as the ECG heartbeat intervals get shorter, 
especially for the intervals less than 0.67 sec.  I also estimated the G and B PPGs 
accuracies separately for heartbeat intervals longer than 0.67 (corresponds to 
HR<90bpm) and heartbeat intervals less than 0.67 (corresponds to HR>90bpm) 
only for the best characteristic point (VPGmax). 









Blue Baseline 0.17 2.96 0.04 1.06 
Blue Cold 0.05 5.68 0.01 1.4 
Green Baseline 0.2 2.36 0.01 1.06 
Green Cold 0.32 5.01 0.07 1.27 
From the table, in short heartbeat intervals, twofold decrease in the heartbeat 
intervals estimation precision can be seen in cold condition compared to the 
baseline. In contrast, there was no significant changes in precision in longer 
heartbeat intervals durations. 
The non-uniform variability can be a confounding factor in the systematic error 
and LOA estimates. Additionally, the Bland-Altman metrics cannot be equally 
valid for all measured values. To overcome this pitfall of Bland-Altman analysis, 
a nonparametric regression method was employed, as recommended in [74 ]. 
4.3.2 Passing-Bablok regression analysis  
Passing-Bablok regression analysis was chosen because it is not sensitive to 
outliers and sample distribution. It provides estimates of constant bias 
(systematic error of the measurements), proportional bias (biases in particular 
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ranges of measurements), and the random error. The results are presented as the 
intercept, slope, and residual standard deviation (RSD) with their respective 95% 
CI. The intercept characterizes constant (systematic) error; the slope and RSD 
reflect proportional and random error, respectively. If the CI of the intercept 
includes zero value, the absence of a constant error between the methods is 
assumed. Inclusion of the value “1” into the slope CI indicates the absence of 
significant proportional bias between the methods. A large CI for the RSD 
indicates a high imprecision.[75] 
Under both conditions, the B PPG’s regression parameters were similar to the G 
PPG. The systematic or proportional errors, if detected, were negligibly small. 
The negative sign of the constant error in both wavelengths reflects the PPG 
tendency to systematically underestimate heartbeat intervals values. For all 
points, except PPGmax, RSD is larger in the Cold test compared to the baseline. 
All in all, the Passing-Bablok regression results are congruent with the Bland-
Altman analysis, confirming the equally good agreement of both B and G PPG 
with the ECG estimates for all characteristic points and conditions. The Passing-
Bablok regression plots are shown in Appendix 3. 
Table 4-5 Results of Passing-Bablok regression analysis of 720 ECG-PPG data 
pairs from 12 subjects. 
Point Intercept (95% CI) Slope (95% CI) Residual SD 
BASELINE CONDITION 
IT Blue -0.011(-0.025-0.000) 1.014(1.000-1.033) 0.020 
IT Green -0.014(-0.027-0.000) 1.019(1.000-1.038) 0.018 
APGmax Blue 0(0.000-0.009) 1(0.988-1.000) 0.013 
APGmax Green 0(0.000-0.007) 1(0.989-1.000) 0.011 
VPGmax Blue 0(0.000-0.007) 
 
1(0.990-1.000) 0.011 
VPGmax Green 0(0.000-0.006) 1(0.992-1.000) 0.009 
PPGmax Blue -0.002(-0.008-0.005) 1(0.992-1.011) 0.015 
PPGmax Green 0(-0.011-0.000) 1(1.000-1.014) 0.014 
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APGmin Blue 0(-0.012-0.002) 1(0.998-1.016) 0.019 
APGmin Green 0(-0.012-0.000) 1(1.000-1.015) 0.017 
COLD CONDITION 
IT Blue -0.013(-0.032-0.002) 1.019(1.000-1.042) 0.027 
IT Green -0.010(-0.029-0.006) 1.014(0.993-1.039) 0.026 
APGmax Blue 0(-0.014-0.008) 1(0.989-1.018) 0.017 
APGmax Green 0(-0.014-0.004) 1(0.994-1.017) 0.017 
VPGmax Blue 0(-0.017-0.007) 1(0.991-1.015) 0.016 
VPGmax Green 0(-0.000-0.000) 1(0.983-1.000) 0.015 
PPGmax Blue 0(-0.000-0.013) 1(0.991-1.015) 0.016 
PPGmax Green 0(-0.025-0.000) 1(0.983-1.000) 0.015 
APGmin Blue -0.013(-0.027-0.002) 1.014(1.000-1.033) 0.022 
APGmin Green 0(-0.015-0.009) 1(0.988-1.018) 0.021 
 
4.4 Discussion on the heartbeat intervals estimation 
from green and blue PPG 
Theoretically, the photoplethysmographic heartbeat intervals estimates are 
expected to match with the intervals derived from ECG exactly. Several factors 
can explain a discrepancy between the measurements: 
1. The influence of the pulse transit times (PTTs), investigated by 
Kuntamalla et al.[76] The authors demonstrated the influence of PTT on the HRI 
durations, obtained from PPG. Their results show nearly the same values of 
RMSE and standard deviation of PTT along with the consecutive intervals. 
2. The changes in pulse wave morphology due to the skin temperature 
fluctuations. On the Bland-Altman plots for both wavelengths, it can be seen that 
the precision of PPG estimates in both wavelengths tends to degrade when the 
skin temperature drops significantly. Noteworthy, in Cold condition the 
precision reduced drastically for heartbeat intervals durations less than 0.67 sec 
55 
 
(correspond to instantaneous heart rate >90bpm) 0.60-0.66 (roughly corresponds 
to HR=90-100 bpm), while being less affected by in longer heartbeat intervals.  
This finding is in line with the previous works [77, 78], where the authors found a 
decrease in HR estimation performance for lower temperatures.  However, the 
results in the first study were based only on correlation coefficient, the second 
study indicated only the mean error the PPG estimates. Thus, both studies 
neither specified the precision nor quantified accuracy and precision with 
respect to different HR ranges. Studies on PPG validation in different heartbeat 
intervals ranges are needed to ensure proper application of the method and 
correct data interpretation. Probably, some cardiovascular parameters can be 
accurately estimated only within a certain range of heartbeat interval durations. 
3. Characteristic point, used for heartbeat intervals estimation. Our results 
indicate that in both wavelengths VPGmax algorithm yielded the best accuracy. 
It exhibited the smallest bias, its CI and LOA in Bland-Altman test and smallest 
random error values for both colors in Passing-Bablok regression analysis.  Our 
findings are congruent with the earlier studies [79 ,80 , 81] . In contrast, the IT 
algorithm demonstrated a low level of agreement with the ECG compared to 
PPGmax, APGmax, and VPGmax. That is different from the previous studies 
[82,83]. APGmin, similarly to IT, underperformed in our study. The discrepancy 
in results probably originates from several factors: different skin patches being 
probed, properties of the light source and detector, sampling rate, signal 
processing methods, and so on.  
There are still no internationally recognized PPG research methodology 
standards, making it difficult to compare different approaches.  For instance, in 
a large body of literature on photoplethysmography, the fourth-order 
Butterworth filter has been the most widely used filter type. Different from these 
studies, in our work, Chebyshev II filter was employed. Liang et al.’s work [84] 
showed that Chebyshev II improved the PPG signal quality more effectively 
than other filters (Wavelet, Butterworth, Chebyshev I, Elliptic, Median filter, 
Moving-average filter, FIR-hamming window, and FIR-least squares), while 
preserving valuable components of the signal. Maintaining the morphology of 
the PPG waveform is essential for characteristic point detection and makes it 
possible to extract some additional features from the signal. The inconsistency in 
literature on the PPG characteristic points selection suggests that the following 
approaches can improve the PPG diagnostic value: 1) tailoring a characteristic 
point selection to signal acquisition parameters and conditions, as well as the 
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area of application. This approach is relevant for devices with limited 
computational resources; 2) using machine learning techniques. 
   Disregarding the experimental condition and PPG characteristic point used for 
heartbeat intervals calculation, the statistical tests demonstrated no significant 
difference between G and B PPG. We speculate, that in some applications, they 
can be used interchangeably. Additional factors are favoring this assumption. 
Firstly, the PPG signals in our study were obtained from the palm skin. Even if 
the penetration depth of blue wavelength is shallower in comparison to the 
green, it seems still enough to produce acceptable PPG signal quality even in the 
glabrous skin patch with a relatively thick nonvascularized epidermal layer. We 
suggest, that in other body parts with thinner epidermis the results could be 
comparable or even better. In addition, the shallower penetration of Blue light 
could be compensated by the higher hemoglobin absorption in this part of the 
spectrum. Secondly, the general consensus is that green light probes ascending 
arterioles and superficial plexus arterioles, whereas blue light probes only 
superficial plexus arterioles. Since both wavelengths reach only the upper part 
of the reticular dermis, the difference in penetration depth between them might 
not be that significant. 
The PPG signal acquisition setup also plays an important role. Study [ 85 ]  
identified some factors affecting the number of photons that actually penetrate 
into the tissue. The first issue to be addressed is specular reflections from the 
surface of the skin, which can be minimized by holding the optical probe in firm 
contact with the skin. The second issue is light scattering within tissue. Shorter 
wavelengths are scattered more intensely than longer wavelengths. The third 
issue is absorption of the light by chromophores: both oxyhemoglobin and 
deoxyhemoglobin, myoglobin, and melanin. Finally, a collimated beam (like 
laser) is more likely to penetrate deeper into the tissue than non-collimated LED 
light provided all the other characteristics are same.  
Liu et al. [86]  highlighted the influence of light beam width on penetration depth. 
With increasing spot size, there is a reduction in the amount of lateral scattering; 
this results in greater penetration for larger spot sizes. As a result, lower energy 
densities can be applied when using larger spot sizes to achieve the same 
penetration depth.  
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The mean distance between light scattering events encountered by a photon 
travelling through tissue has been estimated at between 50 and 200μm. Due 
to this multiple scattering, light travelling through tissue becomes effectively 
isotropic within a short distance of entering tissue. The path length of light 
through blood (within tissue) and the intensities of light entering and leaving 
blood (within tissue) are unknown.[87] 
Thus, the probing depth depends not only on the light source’s wavelength but 
also tissues biochemistry and anatomy, the light spot size, collimated/non-
collimated light, the distance between LED and skin surface, etc. Moreover, the 
probing depth is difficult to precisely estimate. For diagnostic and therapeutic 
applications, the term “penetration” is applicable only in cases where the tissue 
is irradiated with an incident power sufficient to induce some photochemical or 
photophysical reactions.  
Currently, there is a lack of efficient mathematical model of the light propagation 
in tissues and insufficient data quantifying light-tissue interaction. Optical bio-
monitoring modalities can be described in general terms as systems that modify 
a specific light intensity. The transfer function of the system is determined by a 
number of anatomical and physiological parameters. Only a few research studies 
have been published on an efficient optophysiological model of PPG techniques 
[88], [89]. Considering the complexity of the interaction of light with biological 
tissues and the geometry differences of skin tissue at various anatomical regions, 
the slow development of the modelling is understandable. A proper opto-
physiological model requires information on wavelengths propagation, which is 
dependent on the optical properties of each skin layer. This involves a solution 
for the radiation transfer function in a multilayer skin model that represents skin 
geometry, as well as experimental methods to determine the optical properties 
of each skin layer [90]. The Monte Carlo radiation techniques provide a practical 
solution for the radiation transfer function [164]. Another possible route to build 
the optophysiological model is through analyzing experimental results. 
Recently,  Kamshilin et al. [91] introduced a new model of non-contact PPG where 
pulse oscillations in the arterial transmural pressure led to deformations of the 
connective-tissue components of the dermis. Then these dermis deformations 
might result in variations of the back-reflected light intensity due to both local 
changes in scattering and the absorption coefficient of the light. With a better 
understanding of the existing model for contact PPG [92], an availability and 
accuracy of experimental results on tissue optical properties and the use of 
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numerical solutions of light propagation in human tissue, an optimal 
optophysiological model for non-contact PPG could be achieved. Such model 
would provide new insights into the origins of the PPG signal in different 
wavelengths. 
At least, the results of present study suggested that it is not reasonable enough 
to dismiss the PPG in blue light exclusively on the basis of its relatively shallow 
probing depth.  
 
4.5 Evaluation of the blue PPG results 
In both temperature conditions, blue PPG demonstrated low bias (0.2-0.9% 
of the respective ECG estimates). According recommendations from the 
American National Standards Institute [ 93 ], an acceptable mean absolute 
percentage error (calculated as in equation 6) for a HR monitoring device is 
defined to be ±10% of  the ground truth value, as this is considered an accurate 
threshold for medical ECG monitors.  







| ∗ 100𝑛𝑖=1 ,    n -  sample size    (6) 
The blue PPG values were within the acceptable error range irrespective of the 
skin temperature (Table 4-7). 
Table 4-6. MAPE of the blue PPG under two temperatures 
Blue 34°C Blue 20°C 
1.5% 2.2% 
Being acceptable for wearable physical activity monitors, this threshold may be 
recognized as quite lenient in neonatal intensive care unit. Even if an 
acceptable error is set at lower threshold, blue PPG can be viewed as a 
promising HR monitoring technique. 
Finally, I compared the blue PPG accuracy of instantaneous HR estimation to the 
accuracies reported in previous studies on non-contact green PPG.  
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Instantaneous HR was calculated using this formula: 
Instantaneous HR=60/heart beat interval duration                     (5) 
All these studies employed video cameras as a photodetector and obtained PPG 
signals under an ambient light. Noteworthy, they were conducted in intensive 
care departments under controlled temperature condition. Mean error (bias) and 
its standard deviation in bpm were used to assess the error.  
For the comparison, blue PPG results were averaged across two temperature 
conditions for HR more than 90bpm. (Table 4-6) 
Table 4-7 HR estimation results of the proposed blue PPG in comparison to green 
PPG. 
  Chaichulee 
et al,2017  
Mestha et 
al., 2014 
Aarts et al., 
2013 
Scalise et 







2.8±4.5 2.5±5.5 0.3±5.2 -0.9±8 0.11±4.3 
It can be seen that blue PPG produced similar results in terms of accuracy and 
precision of instantaneous HR estimation.  However, the direct comparison is 














Non-contact photoplethysmography is inexpensive and convenient alternative 
to these methods conventional monitoring technologies in neonatal care. 
Previous studies used video camera and were focused on the signal acquisition 
from the green channel. However, green PPG can be impractical under a 
monochromatic blue illumination during phototherapy.  Presently, none of the 
available PPG devices is designed for PPG signal acquisition in narrow-spectrum 
blue light. Moreover, in the field of PPG, blue light has been often overlooked for 
its shallow penetration into tissues. The present work has proved the feasibility 
of blue PPG for heart rate monitoring by comparison to commonly used green 
PPG. In this thesis, a novel PPG acquisition approach was proposed. It is based 
on a Color Sensor as a photodetector. An equal number of red, green, and blue 
pixels makes it suitable for wavelengths comparison. Using the proposed PPG 
system, green and blue PPG signals were acquired from palm skin of twelve 
healthy subjects at rest. In previous comparative studies on blue PPG, only 
motion interference was investigated. Meanwhile, since temperature-induced 
vasomotor reaction were identified as an important factor in stable PPG signal 
acquisition. Therefore, in present work, the blue and green signals were 
investigated under two temperature conditions.   
The study led to the following conclusions: 
1. Blue PPG is suitable for non-contact heart rate estimation. Despite some 
theoretical considerations, the probing depth of blue light was enough to 
produce acceptable PPG signal quality even in the glabrous skin patch with its 
relatively thick nonvascularized epidermal layer. I speculate that in other body 
parts with thinner epidermis, the results are expected to be comparable or better. 
2. Blue PPG can be used as an alternative to green PPG. The signal quality 
and HR estimation accuracy of the blue PPG were similar to the green PPG. 
Having an acceptable temperature artifacts resistance, blue PPG can be used in 
infants with immature ability to maintain a stable body temperature. Therefore, 





5.1 Blue PPG applications 
1. In case of moderate and severe jaundice that require hospitalization blue PPG 
devices could complement the equipment used in the hospital sector to increase 
the babies’ comfort and diagnostic accuracy of vital signs monitoring. In well 
babies with mild jaundice, home phototherapy is a convenient and cost-effective 
treatment option (Fig.5-1). It allows to avoid separation of mother and infant, 
facilitating and maintaining breast-feeding. It can be used safely, provided that 
the total serum bilirubin level is monitored regularly. Home phototherapy can 
be considered either as a continuation of phototherapy commenced in hospital 
or as a treatment in babies who gone home on early discharge.[94] The home 
phototherapy together with remote PPG monitoring could help to reduce 
healthcare costs. 
 
Fig.5-1 A baby receiving phototherapy with portable light therapy device. 
Source: [https://www.behance.net/gallery/5051003/Firefly-Infant-Phototherapy] 
2. Besides newborn jaundice, blue light is widely used in other therapeutic 
interventions, like in  photodynamic therapy for acne vulgaris [ 95 ] and pre-
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cancerous skin lesions [96]. Photodynamic therapy is a two-stage treatment that 
combines light energy with a drug (photosensitizer) designed to destroy 
bacterial or cancerous cells after light activation. Photosensitizers are activated 
by a specific wavelength of light energy. The photosensitizer is nontoxic until it 
is activated by light. However, after light activation, the photosensitizer becomes 
toxic to the targeted tissue. The therapeutic setup is shown in Fig.5-2. 
 
Fig.5-2 Blue light photodynamic therapy. Source: [ 
https://uvderm.com/blog/blue-light-therapy/] 
Combining blue light-based treatments with simultaneous B PPG acquisition 
could be used in patients monitoring and studying the biological effects of light.  
3. Due to antimicrobial effects of BL, it has started to gradually replace UV for 
Disinfection of hospital wards and operating theaters. In contrast to Ultraviolet, 
BL disinfection can be conducted safely even with patients admitted. [ 97 ] 
Installing blue-sensitive photodetectors in the patients’ environment could 
potentially enable opportunistic cardiovascular parameters acquisition 
5.2 Limitations and Future Work 
There are several limitations that can be identified in this study.  
1. The experiments were conducted only in a small sample of adult healthy 
volunteers. The maximum instantaneous HR detected among the participants 
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was 119 beat per minute. Meanwhile, the normal HR of newborn babies ranges 
90-160 bpm.  
2. The study results were based on the perfect characteristic points detection. 
Each point on the PPG signals, misdetected by the algorithm, was manually 
corrected upon visual inspection before heartbeat intervals measurement. The 
performance of the detection algorithms in real time was not assessed.  
3. In this work, the blue and green PPG performance was assessed only in 
stationary conditions. Additionally, parts of the signal corrupted with motion 
artifacts were removed.  This study did not consider motion artifact, because 
motion interference was explored in earlier works on blue PPG.  
It is well expected that the signals acquired in real-life scenarios will be noisier 
compared to resting state. There are two principal approaches to detect motion 
artifacts. One of them relies on secondary sensors, like inertial sensors [ 98 ], 
piezoelectric transducers [99], or the utilization of another wavelength of light as 
a motion reference [100]. Another approach includes using filters with cross-
correlation [101], analyzing the morphology of the signal [102], and higher-order 
statistics in both the frequency and time domain [103, 104].  
Several directions can be considered for future research on blue PPG.   
1. Studies on PPG validation in different heartbeat intervals ranges are needed to 
ensure proper application of the method and correct data interpretation. 
Probably, some cardiovascular parameters can be accurately estimated only 
within a certain range of heartbeat interval durations.  
Since in this study, the photoplethysmographic heart rate estimation decreased 
in precision with increasing heart rate, it is needed to recruit a more 
heterogeneous group of subjects including children and infants. 
2. For real time implementation, the characteristic points detection algorithms 
should be improved. It would also be beneficial to develop automatic 
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Appendix 1. The ECG system development 
For interfacing the ECG block to PC, visualization and digital signal 
processing, a software developed in LabVIEW was used.  Fig. A1-1 shows 
the AD8232 block diagram in LabVIEW. It describes the behavior of the 
ECG front-end. 
 
Fig.A1-1 The AD8232 block diagram in LabVIEW 
For initial testing the system I created a standard ECG signal, using 
LabVIEW driver for the function generator (Fig.A1-2). The created signal 




Fig.A1-2 ECG test signal.  
The test ECG signal was fed from the function generator directly to the 
two AD8232 inputs. The ECG data sets were sent in real time to the PC 
and plotted in LabVIEW to check the quality of the waves. (Fig. A1-3) 
 
Fig. A1-3 Raw test signal from the function generator displayed in 
LabVIEW. On the Y-axis is signal amplitude on ADC resolution scale, the 
X-axis displays time  
It can be seen that all the typical ECG waves are clearly distinguishable. 
Since the function generator is mains powered, the raw signal contained 
high-frequency noise. The signals, acquired from a human subject, are 
expected to be more corrupted due to changes in electrode-skin 
impedance and muscle noise. The skin-electrode interface requires 
special note, as it is the largest source of interference.  An important 
factor about the electrodes is half-cell potential (overpotential). It appears 
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as a DC offset at the readout device. For ECG, DC offset can reach values 
up to ± 300mV.  For comparison, the electrical activity of the heart is in 
the range of 0.1 to 2 mV. The interference seen from this component is 
magnified by patient movements or respiratory variation. 
Choosing the suitable type of electrodes plays a key role in minimizing 
the noise. In the pursuit to maximize the useful ECG signal I decided to 
investigate the nanoelectrodes developed Laboratory of Medical 
Engineering, Tomsk Polytechnic University in comparison with 
conventional gel Ag/AgCl electrodes. Both types were tested in two-
electrode and three-electrode configurations. 
I obtained the ECG signal from three subjects: two females (28 and 35 
years old) and one male (31 years old). The Ag/AgCl and nanoelectrodes 
used in the experiments were of the same area (102 mm).  Noteworthy, 
nanoelectrodes were used without applying any gel or electrolyte 
solutions.  
There were 4 experimental setups. Firstly, I used conventional gel 
Ag/AgCl electrodes in two-electrode configuration (two AgCl): LA and 
RA, attached to the palm surface of the left and right hands, respectively. 
In the second setup, the nanoelectrodes were used in two-electrode 
configuration. The third experiment was conducted, using Ag/AgCl 
electrodes in three-electrode configuration (three AgCl): LA, RA and 
RLD. The 3d electrode was placed on the left palm on 2.5 cm distance 
from LA. Finally, I recorded the ECG signal from the nanoelectrodes in 
the three-electrode configuration. In all abovementioned cases the 
subjects were asked to sit still with both hands on table and brief 
normally. 
I Two AgCl electrodes 
This signal shown in was plotted in LabVIEW from raw data, no post 
processing has been implemented. Fig.A1-4 shows the raw signal 




Fig.A1-4 Two AgCl electrodes, raw signal. 
The resultant signal was very noisy and a have significant baseline drift. 
The R wave of each heartbeat is hardly distinguishable. I tried to apply 
digital band pass filters, available in LabVIEW. 
Below is how the desired bandwidth was defined. Human ECG signals 
frequency range is 0.05-150Hz. The heart has a fundamental frequency 
of 1 Hz at 60 bpm heart rate and the range 0.67 – 5 Hz (i.e. 40 – 300 bpm). 
The common frequencies of the important components on the ECG: P-
wave: 0.67 – 5 Hz, QRS: 10 – 50 Hz, T-wave: 1 – 7 Hz. Thus, the most of 
the useful information contained in the range of 0.5-50Hz. 
However, the ECG signal is affected by the powerline interference and 
muscle artifacts, which are high frequency. There is also low frequency 
baseline wandering, caused by respiration, changes in electrode 
impedance and motion. Hence, high-pass and low-pass filters, together 
are known as a bandpass filter, were applied. 
The high pass filter section with a cut off of 0.5Hz should be sufficient to 
eliminate the baseline trend. Removing EMG is usually the most difficult, 
because it lies in the bandwidth of the ECG signal. Since EMG has a lot 
of content in high frequencies, a low pass filter set at 30Hz helps to 
eliminate some of the muscle noise. In ECG signal processing 
Butterworth filter is one of the most commonly used filters. 




Fig.A1-5 Ag/AgCl electrodes in two-electrode configuration, 4th order 
Butterworth filter 
 II The nanoelectrodes in two-electrode configuration 
The Fig. A1-6 demonstrates the acquired signal: raw signal on the top, 
filtered (4d order Butterworth) signal on the bottom. 
 
Fig.A1-6 Nanoelectrodes in two-electrode configuration  
III Ag/AgCl electrodes in three-electrode configuration 
In Fig. A1-7, raw signal is shown on the top, filtered signal on the bottom 
part. The signals are visually similar to the signals, obtained with the 
nanoelectrodes in two-electrode configuration. 
 
Fig.A1-7 Ag/AgCl electrodes in three-electrode configuration  
IV The nanoelectrodes in three-electrode configuration 
71 
 
As can be seen in Fig. 1-8, even the raw wave has no significant baseline 
drift, and R peaks can be easily located.  
 
Fig.A1-8 The nanoelectrodes in three-electrode configuration.  
 Thus, in both types of electrodes, the three-electrode setup 
demonstrated superior performance compared to the three-electrode 
configuration.  
A number of techniques have been suggested previously for allowing 
ECG recordings using only two electrodes, simplifying the equipment 
[105, 106, 107]. I also tried to employ the two-contact setup. However, in case 
of Ag/AgCl, both raw and filtered signals had significant baseline trend. 
Using the nanoelectrodes in two-electrode configuration gave a better 
result, but the raw signal still exhibited the similar drift. 
The reason for these results is the common-mode voltage, created by the 
potential between the electrodes and ground. Common-Mode 
component can reach 1.5V. It is highly undesirable, because the input 
signals from the electrodes can go beyond the acceptable input range of 
the ADC. This issue can be solved by biasing the patient. This is typically 
done by using the additional electrode, called "Right Leg Drive". This 
electrode does not sense any ECG signals, it only applies a voltage to the 
patient and an inverse signal of the three limb electrodes is sent back 
through the right leg electrode. That causes the DC level of the other 
electrodes to fall within the supply range of the ECG equipment so they 
can be measured properly. 
Using Ag/AgCl electrodes in three-electrode configuration results in a 
much clearer graph, compared to the Ag/AgCl two-electrode setup. After 
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filtering, R wave and additional ECG features can be detected. The 
nanoelectrodes in three-electrode configuration outperformed the 
previous setups. Even raw signals demonstrated no significant baseline 
drift, and R peaks can be easily located. In all subjects there were no 
issues on reading sufficiently clear and consistent ECG signal.  
Although the filtered signal from the nanoelectrodes provided a clear 
and consistent wave even in two-electrode configuration, the tree-
electrode setup is more suitable for obtaining the signal in experimental 
setup where complete immobilization of the subjects is not practical. 
Another key consideration of the ECG prototype design is the 
maintenance and durability of the sensors. The advantageous point of 
the nanoelectrodes is that they do not require gels or other contact-
enhancing substances. Additionally, the material is highly durable 


















Appendix 2. The Bland-Altman plots 
 





























Appendix 3. The Passing-Bablok regression plots  
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